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INTRODUCTION 

There has not been much consensus in the wind energy Industry on wind 
measurement strategics used to site largo wind turbines. Since energy 
production estimates based on the wind measurements directly affect 
the expected cost of energy (and therefore the viability of a site) » 

It is critical that appropriate wind measurements bo taken. 

A key Issue of concern has been what height (s) above ground the wind 
should be measured. Essentially, there arc three strategies: 

1. measure continuously at one height on a short tower, typically 

10 m. This is relatively Inexpensive, but requires one to assume 
a vertical profile to estimate winds In the approximately 15 to 
100 m layer in which a large turbine operates. 

2. measure continuously at 10 m and intermittently at higher levels 
(e.g. , kites) to estimate the wind shear with height. 

3. measure continuously at three or more levels on a tall (roughly 
60-150 m) tower, suitably representative of the entire rotor disk. 
This is by far the most expensive, but one can determine actual 
effective rotor disk winds. 

Wind data collected at four levels on a 90-m tower In a prospective 
wind farm area are used to evaluate how well the 10-m wind speed data 
with and without intermittent vertical profile measurements 
(strategies 2 and 1, respectively) compare with the 90-m tower data. 

If a standard, or even predictable, wind speed profile existed, there 
would be no need for a large, expensive tower. This cost differential 
becomes even more significant if several towers are needed to study a 
prospective wind farm. 

When only 10-m data are available, wind speeds are typically 
extrapolated with a vertical profile power law to determine the 
corresponding hub height wind: 
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<x powor law I'xpuiu'ut 

Tlilu uxt nipoilntod Hpood 1h Ukmi uHcd t o out Imuto power output of n 
tuihliio. One major proh.lom with tliia approach 1 h how to apocify the 
power law exponent «. A value of 1/7 la often used hecauae literature 
citoH It aa a typical or average value. 

However, thla la a great overalmpllf Icatlon and may be totally 
inappropriate. The vertical profile of wind apeed la a complex 
function of surface roughneaa (Munn, 1973), atabllity/tlme of day 
(Mahrt and Heald, 1979), and topographic orientation (Hleater and 
Pennell, 1981). 

Over flat terrain the 1/7 power law may be reasonable. But moat altea 
for wind energy development will be on hills, ridges, or in passes; 
i.e., terrain fe.nturos likely to accelerate or retard flow in the 
surface boundary layer. Data from Pacific Gas and Electric Company's 
(PGiindK) 90-m tower demonstrate that alpha over such terrain can be 
substantially less than 1/7. 


STUDY PROCEDURES 


Three items ore discussed in this section: 


. PG.'UidK wind energy measurement program. 

. The data base used for evaluating monitoring strategies. 
. Processing of the data. 


PGainl E Wind Ene rgy Mea su reme nt P rogra m 

PGandE has been investigating wind energy potential in the Solano 
County area near San Krancisco, California for the past few years. 

This area is a low gai. In the ccnt-al California co.-istal range tlirough 
which cool marine air streams eastward Into the interior valley dtirlng 
the warm season (Elgure 1). 


There are currently eight monitoring sites In Solano County— five lO-m 
towers, two 30-m lowers, and one 9U-m lower, 'llie 90-m tower, called 
S-Ul , Is located i>n a 1 lal spur ridge east (ilownwind in summer) of ihe 
main riilgi'llne »>f the area (Klgure 2). 
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The 90"in tcwor was Inatalled In Juno, 1980. There are four monitoring 
levelfi-- 10, 30, 60, and 90 ra. Wind apeed and direction arc measured 
by a Teledyne Geotech Model US201 Wind Systems. One-half second 
averaged samples are recorded every two seconda. These data were 
recorded only on strip charts until mid-September, 1980. After this 
date, processed data wore recorded on cassette tapes in addition to 
the strip charts. 



FIGURE 1. TYPICAL SUMMER AIRFLOW PATTERNS IN THE 
SAN FRANCISCO BAY AREA. SOLANO AREA 
MARKED WITH CROSS-HATCHING. 
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Since stimmer is the peak wind season, it was selected to be the data 
base for this study. The exact dates are June 14, 1980, to 
September 30, 1980. 

Only hours with valid wind speeds at all four levels of a tower were 
used. There were 2163 hours meeting this requirement, 83 percent of a 
possible 2616 hours. 

One direct and five Indirect techniques for estimating the effective 
rotor disk wind speed were chosen, and a data set with these six 
estimates for all Valid hours was generated for further analysis. 

Since PGandE had purchased a BWT 2560 (MOD-2) , its performance curve 
was chosen for use in this study. The six techniques were: 

1. Effective rotor disk wind speed. This is the direct technique. 

It is a cubic-weighted mean incorporating all four wind speeds and 
wind directions. It assumes that all parts of the rotor disk 
contribute eqxmlly to the energy production, subject only to 
variations in wind speed across the disk (Jim Connell, PUL, 
personal communication). The formula for a BWT 2560 is: 

VSD - nO.lKVjdd + 0.25(Vj^ - V2„„))9] + 

[O.U(V'i„o + 0.35(V3o - 

where VRD = the effective rotor disk wind speed, V* = the wind 
speed at a given level multiplied by the cosine of the angle 
between the wind direction at that level and the wind direction at 
60-m. (This accounts for direction shears.) 

2. Wind speed at 10 m. This technique assumes no change of wind 
speed with height (a * 0). 

3. Wind speed at 60 m (hub height of a BWT 2560). 

4. Wind speed at 10 m extrapolated to hub height with a 1// power 
law. This is the conventional method used in most site 
evaluations. 

5. Wind speed at 10 m extrapolated to hub height with an alpha 
derived from 5 random days of 90-m tower data, using only hours 
between 0500 and 2000 PST when the 10-m wind speed exceeded 4 mps. 




This exponent a was computed slightly differently. The usual 
method Is to use the 10-m and 60-m wind speeds to get the power 
law exponent between those levels. However, we replaced the 60-m 
^nd speed with VRD, since VRD Is the direct estimate of the rotor 
disk wind speed. Based on this method, the effective exponent at 
b^oi was OsOoe 

6. Wind speed at 10 m extrapolated to hub height with an exponent 
derived from a randomly-selected four-day period of 90-m tower 
* technique Is Identical to (5) except for the dates. 

At S-01, the exponent was 0*04* 

^r s^ of brevity, abbreviations for these different techniques 
will be used as follows! ^ 


VRD — effective rotor disk wind speed 
VI 0 10-m wind speed (no extrapolation) 

V60— 60rm wind speed 

HtFBXP — 10-m wind speed extrapolated with a = 1/7 

HUBKl— 10-m wind speed extrapolated with a determined 
from five random days of tower data. 

HUBK2— 10-m wind speed extrapolated with a determined 
from four consecutive days of tower data. 

Processing of the Data 

The following were computed for the entire study period: 

. Wind rose (VRD only) , using 60-m wind direction 

. Ifean diurnal speeds (all techniques) and mean diurnal a (10-VRD) 

. Mean available power (all techniques) 

. Frequency distributions of a (10-VRD and 60-90) 

. Frequency distributions of wind speed (all techniques) 

. BWT 2560 power output simulations (all techniques) 

A comparison of summer and winter mean profiles was also made. 
Results are discussed In the next section. 


*The 95 percent confidence limits for estimating the mean summer o 

computed this way (five random days) were about ±.02 from the actual 
mean. 
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RESULTS 
wind Rose 

The wind rose for S-01 is shown in Figure 3. Summer winds are from 
the southwest through west with only minor exceptions. 


N 



FIGURE 3. 


S-01 WIND ROSE, SUMMER 1980. AVERAGE WIND SPEED (mps) 
GIVEN FOR EACH DIRECTION, PERCENTAGE FREQUENCY OF EACH 
DIRECTION INDICATED BY CIRCLES. 


Mean Diurnal Speeds 

Mean diurnal and overall wind speeds 

Clearly this site does not exhibit a 
is a reverse in the mean wind shear , 
60 m. 


are shown for S-01 in Table 1. 

standard vertical profile. There 
with highest winds occurring at 
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TABLE 1. MEAN DHJKNAL WIND 

SPEEDS (mps) AT S-01, JUNE 14, 1980 - SEPTEMBER 30, 1980 


Speed 

Ntimber 

Hour of Obser- 


<PST) 

vatlons 

V30 

VlOO 

V200 

V300 

VRD. 

HUBXP 

HUBKl 

HUBK2 

01 

90 

11.3 

12.4 

12.7 

11.6 

12.2 

14.8 

12.6 

12.2 

02 

90 

11.1 

12.3 

12.4 

11.4 

12.0 

14.6 

12.5 

12.0 

03 

89 

10.9 

12.0 

12.2 

11.3 

11.8 

14.3 

12.2 

11.7 

04 

87 

10.5 

11.7 

11.8 

10.9 

11.5 

13.8 

11.8 

11.3 

05 

86 

10.3 

11.4 

11.3 

10.3 

10.9 

13.5 

11.5 

11.1 

06 

85 

9.8 

10.8 

10.7 

9.7 

10.4 

12.9 

11.0 

iO.6 

07 

83 

9.4 

10.3 

10.0 

9.1 

9.7 

12.4 

10.6 

10.2 

08 

86 

8.7 

9.5 

9.3 

8.5 

9.1 

11.4 

9.7 

9.4 

09 

86 

8.3 

9.1 

9.3 

8.2 

8.9 

10.9 

9.3 

9.0 

10 

92 

8.0 

8.8 

9.1 

7.8 

8.6 

10.5 

9.0 

8.6 

11 

94 

7.8 

8.5 

8.6 

7.6 

8.2 

10.2 

8.7 

8.4 

12 

95 

7.5 

8.2 

8.3 

7.6 

8.0 

9.9 

8.4 

8.1 

13 

92 

7.3 

8.1 

8.1 

7.6 

7.9 

9.6 

8.2 

7.9 

14 

92 

7.5 

8.4 

8.6 

8.2 

8.3 

9.9 

8.4 

8.1 

15 

92 

7.9 

8.8 

9.0 

8.7 

8.8 

10.4 

8.9 

8.6 

16 

91 

8.6 

9.6 

9.9 

9.8 

9.7 

11.3 

9.7 

9.3 

17 

92 

9.4 

10.6 

10.9 

10.8 

10.7 

12.3 

10.5 

10.1 

18 

93 

10.1 

11.4 

11.7 

11.7 

11.5 

13.2 

11.3 

10.9 

19 

93 

10.7 

12.1 

12.7 

12.4 

12.3 

14.0 

12.0 

11.5 

20 

91 

11.2 

12.6 

13.2 

12.8 

12.8 

14.6 

12.5 

12.1 

21 

91 

11.5 

12.8 

13.2 

12.6 

12.8 

15.0 

12.8 

12.4 

22 

91 

11.6 

12.8 

13.1 

12.4 

12.7 

15.2 

13.0 

12.5 

23 

91 

11.7 

12.9 

12.9 

12.1 

12.6 

15.3 

13.1 

12.6 

24 

91 

11.5 

12.6 

12.7 

11.7 

12.3 

15.0 

12.8 

12.4 

Total 

2163 









Overall 










Mean Speed 

9.7 

10.7 

10.9 

10.2 

10.6 

12.7 

10.8 

10.5 
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The mean a (lO-VRD) for the study period at S-01 is 0.05. Thus the 
HUBXP technique, using o » 1/7, causes a 20 percent error in 
estimating the mean rotor disk winds. Note that a's determined from 
r ,*' only 4 or 5 days of tower data resulted in mean speeds within 3 
’ ' percent of VRD.* 

The diurnal variation of a is much different than over flat terrain 
^ .V. (Figure 4). The highest a occurs in late afternoon or early evening, 

lowest values near sunrise. In flat terrain, however, highest a's 
' occur about midnight, lowest values in the early afternoon (Hlester 

§ “ and Peimell, 1981). 



AND FOR TYPICAL FLAT TERRAIN, 


QU^UtY 


^However, the variability in individual VRD estimates are not at all 
described by using a single derived a value (see Table 3.4.1). 



- ^ <. 


Available Power In the Wind 


Site evaluations frequently Include available wind power as a measure 
of the wind resource. The mean power Is computed from the formula 

P = 1/2 ^ 


where P la the mean power, pV^ Is the mean product of air density (p) 
and the cube of the wind speed. 

Considerable differences result when the six different estimates of 
rotor disk winds are applied (Table 2). 


TABLE 2. MEAN AVAILABLE POWER (Win“2) 
AT S-01, SUMMER 1980 


Type of Wind Speed Power 


VRD 

978 

;io 

739 

V60 

1086 

HUBXP 

1666 

HUBKl 

1037 

HUBK2 

931 


Not xmexpectedly, HUBXP Is completely off the mark, being 70 percent 
too high. VIO Is the second poorest estimator, being 25 percent too 
low. The other techniques are all within 10 percent of the measured 
value (VRD). 

Frequency Distributions of a 

There Is a considerable range In a-values at S-01 between 10 m and VRD 
(assumed height of 60 m) , as shown In Figure 5. Extreme values are 
less frequent with higher wind speeds. 

The negative shear can be particularly pronounced between 60 and 
90 m. Between these two levels a Is often below -0.50 and has been 
measured to be below -1.00 under strong wind conditions (Figure 6). 

Physical Interpretation of these data Is difficult. Apparently there 
Is flow decoupling or flow separation; In other words, a mixing depth 
well below 100 m with surface winds of 10-15 mps. Onsite acoustic 
sounder observations during early 1981 support this conclusion. 



Frequency Dlatrlbutlons of Wind Speed 

The frequency dlatrlbutlons of wind speed for the study period at S-01 
are presented In Figure 7. Category breaks for wind speed are 
critical values of the BWT 2560 performance curve: 


Classification 


below cut-in 

cut-in to half-rated power 
half-rated power to rated power 
rated to cut-out 
above cut-out 

HUBKl, HUBK2, and V60 are very close to the true values. VIO Is less 
accurate, and HUBXP grossly shifts the frequency distribution towards 
the higher wind speeds. It overestimates the frequency of winds above 
rated speed by more than 20 percent. 

BWT 2560 Power Output Simulations 

Mean diurnal and overall capacity factors for a BWT 2560 are presented 
In Table 3. V60, HUBKl, and HUBK2 were clearly the best approximators 

of overall mean capacity factor at the two sites, with absolute errors 
ranging from 1-2 percent, relative errors from 1-3 percent. 

VIO and HUBXP were far worse. The absolute error using VIO was 
6 percent, the relative error 11 percent. The absolute error using 
HUBXP was 13 percent, or a relative error of 20 percent. Only VRD 
accounts for diurnal changes In the wind shear profile characteris- 
tics. Thus there Is some diurnal fluctuation In the degree of error 
caused by the other techniques. 


Category 

0 - 6.3 mps 

6.3 - 9.4 mps 

9.4 - 12.2 mps 
12.2 - 26.9 mps 

>26.9 mps 
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Wlint do r-bono orrovR rnnUy roonn with roapoct to thn cont of onorpy? 
A fomilo for computing, onorpy coHt los 

XC» FCR Ji hFL* AO M + 

cm-; af,f 


whoro 

0('F. “ OOHt of 0 !K'VP,y I ^/UWll 

1C “ lultlrtl Hyntom coot 
FCK luvollzi'd fixed charno rate 
AOM “ apnual operation and maintenance con n 
LFl “ leveUssing factor for 0+M contn 
TV9 cj U'vollzinK factor for fuel coHtti , , x 

AFC » irm.1 fuel co„t« (fmuaIf .cro for wind turMnun) 

AKF ° anticipated annual energy production 

Thun t'.K- cost of unorny f» liworsuly rroportlonol to vlu, onotBy 

production* 

Relative l/7'’powS"loi''''”^ * 

Ttfciir^- ^ energy calculated 

on that basis would be 20 percent too low.* 

Comparison of Winter and Sum me r VerH-cal Pro file 

Itlurwtaru^ornnfdLecH^B (ngurf O 0 -™W 

was .03 higher In winter SSli^lLnlts from the 

rmrrSfrtidVrWnf of the two seasons-^esoscale sea breene 

in summer » synoptic in winter. 

4 ^Aa uin« from several lircctlons during winter. Addi- 
ff:na“rrro?,"ih:s'rirroduced » ^ « n were npFiied to 
10-m data from other seasons and/or wind directions. 


summary, conclusions and recommendations 


considerahle etrors In^windtS^^^^^^ 

Bhouid not UBcd* 
though. 
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WIND SPEED 

FIGURE 8. MEAN PROFILE CHARACTERISTICS AT S-01 FOR WESTERLY WINDS 
ABOVE CUT-IN SPEED. CURVES ARE NORMALIZED TO 10-M SPEED. 


TABLE 4. SUMMARY OF ERRORS (IN PERCENT) IN 
SPECIFYING WIND ENERGY PARAMETERS CAUSED 
BY DIFFERENT MONITORING STRATEGIES® 



VIO 

V60 

HUBXP 

HUBKl 

HUBK2 

Mean speed^ 

-9 

3 

20 

2 

-1 

M b 

Mean power 

-24 

11 

70 

6 

-5 

Percent hours^at 
rated power*^ 

-17 

2 

20 

3 

-1 

Mean capacity 
factor® 

-12 

3 

20 

3 

-1 


®VRD used as control variable 

^Relative errors (actual error divided by VRD mean) 
^Actual percentage error 
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In conclusion, tho 60-in (hub height) wind was the most accurate 

ar"hM°“oTOl"“Mr» “ ?r" *" ««>> 

1 n <1 *vol« In piTActlco on^ would pirobobly not ino/iRiiiffi 

imoiv^h oatimoto tho wind resource, but these results do 

height data should be adequate for estimating tho overall 
performance of large wind turbines. ovorati. 


addition of 

j j - ^ ^ ^th of voftleol profile roonnuroTnentfi jsreatlv 

improved the estimates. However, one must be very oarefS aboL 
making generalizations from these results. (Only one seaLn with ono 
dominant wind direction was considered here.) T^o aLunt of 

'2«l“en? 5?? ProtJrL«=tcSL:'w!”''°" 

to confidence will surely vary from site to site and is hard 

(e klL^” further, intermittent monitoring strategies 

acoustic sounder) run a high risk of missing 
extreme conditions, such as severe wind speed and/or direction shears. 

By far the most important conclusion of this study is that cross 

result wind speeds and eLr^ p?odSc?Jon can 

earner mos^wlnr*'® ^s pototeS out 

earlier, most wind energy slt«s will be in complex terrain, and it 1 r 

absolutely crucial to obtain measurements up to at least huh h^>^oh^ 

and preferably to the top of tho rotor dLk' *®'’‘ 
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